is that it facilitates the performance of multiple tasks, or the solution of multiple task constraints, simultaneously with minimal interference among tasks or among components of a given task (Scholz & Kubo, 2008) . Many of the above-cited studies have investigated differences in indices of variability of various task-relevant variables when performing a particular task. However, none of those studies directly examined the effect of manipulating one task constraint on the stability of another, leaving this hypothesized advantage of motor abundance largely untested. In this paper, by "stabilization" of a performance variable, we imply relatively low variability across trials compared with what one could expect if all elemental variables affecting that performance variable varied independently of each other.
One exception was a recent study of finger force production (Zhang, Scholz, Zatsiorsky, & Latash, 2008) . In that study, the control of total force (primary task) and the moment of force about an axis of rotation (secondary task) were studied in a set of fingers. The authors found that stabilization of the moment of force was accomplished without adversely affecting total force stabilization by using different strategies to coordinate the finger forces compared with an isolated forceproduction task. The results from Zhang et al. (2008) suggested that participants exploited variable solutions for coordinating the effectors to maintain performance accuracy when the same effectors were involved in resolving another task constraint simultaneously. However, beyond this example, it is unclear how typical it is for the nervous system to use motor abundance to resolve multiple task constraints simultaneously. The present experiment investigated whether this hypothesis could be supported in kinematic tasks that required either reaching to a target location without an explicit constraint on hand orientation or reaching to the same target location when precise orientation of the hand to the target was required. A second goal of this work was to investigate whether the control of hand/object orientation was limited to the final phase of reaching, when the hand approached the target, or was initiated earlier in the reach. This question has been a point of some controversy (Desmurget et al., 1996; Soechting & Flanders, 1993; Wang, 1999) .
Numerous studies have examined the control of hand/object orientation during the performance of skilled upper extremity tasks (Cuijpers, Smeets, & Brenner, 2004) . Those studies have not considered explicitly the role of motor abundance in resolving various constraints on task performance. Given the availability of motor abundance, simultaneous solution of these constraints is theoretically possible without mutual interference. Results of studies suggesting independent control of position and orientation could be consistent with this capacity Soechting & Flanders, 1993; Wang, 1999) . The method of the Uncontrolled Manifold (UCM) hypothesis (Scholz & Schöner, 1999; Schöner, 1995) provides a powerful tool to address such questions compared with the regression or correlation methods typically used. This method is based on the quantitative analysis of variance within two subspaces that form the space of elemental variables (joint rotations in studies of movement kinematics). The first subspace (the UCM) corresponds to a certain desired value of a performance variable. This performance variable's magnitude changes within the other subspace. By identifying how variance of the configuration of all joint motions affects the stability of specific task-relevant variables, such as the hand's spatial position and its orientation to the target, the method can be used to investigate whether different task constraints interfere with one another. This is the approach adopted in the current investigation.
We predicted that motor abundant solutions to joint coordination would be used to stabilize the hand's movement path regardless of the orientation constraint, and that the strength of the joint synergy affecting this stabilization would not differ among the conditions. In addition, it was predicted that the synergy related to stability of the hand's orientation to the target would appear only for those conditions where an explicit orientation constraint was present. We also sought to determine whether the synergy stabilizing hand-target orientation in those conditions requiring it was present throughout the transport phase or only when approaching the target.
Methods Participants
Ten healthy adult volunteers participated in the study (age 26.5 ± 4.4 years). All participants signed the informed consent form approved by the Human Subject Review Board at the University of Delaware. All subjects were right-hand dominant, confirmed by 10-point Edinburgh Handedness Inventory (Oldfield, 1971) and were naive to the purpose of the study.
Participant Set-Up
Participants sat on a height-adjustable, high-back chair at a round table that had a rectangle cut out of one side into which the chair was inserted to provide for lateral support of the arm in the initial position. The participant's abdomen pressed firmly against the front and right side of the table's indentation to ensure stability across the experiment. A wide strap attached to the chair restricted trunk movement. Chair height was adjusted so that the participant's upper arm and forearm were at a 90° angle, with the forearm resting parallel to the table surface in a neutral position. The wrist was positioned in neutral flexion-extension. The initial arm and hand position was maintained by fitting a vacuum air bag to the underside, laterally and medially to the elbow, forearm and hand. The air was then vacuumed out to form a trough. The arrangement restricted only pure lateral or medial arm movement from the initial position.
Reflective markers were placed on the participants' right arm and used to track their movement. Rigid bodies, each comprised of an array of four reflective markers, were mounted on rigid shells and fitted to the participants at the following locations: 2/3 of the distance between the neck and the acromion process of the right shoulder; on the lateral side of the upper arm, 2/3 of the distance from the elbow to the wrist on the forearm, and on the back of the hand. Individual markers were used to locate approximate joint centers during an initial participant calibration trial. They were placed 1) immediately inferior to the sternum notch, 2) 2-cm below the acromion process on the lateral shoulder, 3) on the lateral and medial epicondyles of the humerus (the mean of which were used to compute the approximate joint center), and 4) on the radial and ulnar styloid processes of the forearm (the mean of which was used to compute the approximate joint center). The sternum marker served as the origin of the body-centered coordinate system used in the computations. In addition, individual markers were placed and remained on the subject's glove, just proximal to the thumb interphalangeal joint and on the proximal interphalangeal joint of the index finger.
Experiment Conditions and Setup
Participants wore a tight-fitting batting glove in their right hand, the palm of which was covered by loop-side of sticky backed Velcro. For conditions 1-3 that required the insertion of an object into a matched cutout at the target (see below), a 7.6-cm diameter wooden ball was covered with the hook-side of sticky-backed Velcro and then attached firmly to the loop-side Velcro of the glove's palm as the subject grasped it. This ensured that a constant relationship between the ball's initial orientation and its position with respect to the hand could be maintained throughout the experiment (Figure 1 ). Once this ball was placed in the hand, it was not removed during any of these three conditions, which ensured constant orientation of the object with the hand throughout.
The side of this large ball opposite to the hand had a bolt inserted into it that faced away from the participant. One of the three different shaped objects for Conditions 1-3 was screwed tightly onto this bolt. For Condition 4, which had no explicit orientation constraint, participants held in their gloved-hand an identical 7.6-cm diameter wooden ball without a Velcro cover, which allowed them to release the ball at the target.
The target consisted of a coffee can to which different plastic lids were attached depending on the experimental condition ( Figure 1 ). The target was placed vertically Figure 1 -Experimental Setup. Subjects wore a tight-fitting glove with loop sided Velcro attached to the palm while the ball had hook sided Velcro attached to it. The object to be inserted into the target screwed tightly into the large ball, controlling its initial orientation. The trapezoid shape (TRAP) is shown. For the ONLY condition, only an identically sized large ball was held, but without the Velcro to allow its release into the same container with a large circular cutout.
at the body's midline on the table at which participants sat, at a distance from the body that was 85% of each participant's functional arm length, determined as the distance from the sternum to the midpoint of the web space between the thumb and index finger when the arm was fully extended.
For Condition 4, which we refer to here as the ONLY condition because the participant held only the large ball without Velcro in the hand, the coffee can lid had a large circular cutout slightly larger than the ball. The task was for the participant to reach with the large ball to the can and drop the ball into the can in one continuous motion. For Conditions 1-3, three different plastic coffee-can lids were used. Each lid had a different shape cut out of its center of the exact shape and slightly larger than the object that was attached to the large Velcro-covered ball held in the participants' hand.
The under surface of all lids were reinforced with a thick cardboard cutout to stiffen the edge of each shape. This required relatively precise orientation of the object to fit it into the slot. However, it was difficult to eliminate plasticity of the cutout completely, particularly for rotation about the anterior-posterior and medial-lateral axes.
The task for Conditions 1-3 was to reach to the target and insert the object into the slot in one continuous motion. The three objects came from a typical wooden infant toy. For the BALL condition (not to be confused with the large ball which we call the ONLY condition), a 5-cm diameter ball was attached to the large Velcrocovered ball and inserted into a 5.2-cm diameter circular cutout in the target lid. When the small, 5-cm ball, attached to the hand-held large ball, was the object to be inserted into the cutout, the hand had to be oriented so that the ball was below the hand; otherwise the large ball to which it was attached would hit the can and prevent insertion. This condition provided, therefore, some constraint on hand-object orientation along the roll and pitch axes. However, there was no explicit constraint on rotation about the vertical, or yaw axis of the target because the cutout was also circular for this condition. For the other two conditions, the objects attached to the large ball were a trapezoid (TRAP condition) and a five-pointed star (STAR condition). These two conditions required more precise control of orientation about all axes, particularly the vertical or yaw axis of the target compared with the BALL condition. The objects' size deviated from the size of the target cutouts by only 1-2 mm across their largest dimension. However, once the object was inserted into the cutout a small amount of orientation variability was possible, particularly along pitch and roll, because the lid was not rigid despite the lids' reinforcement with cardboard and masking tape (about 1-mm thick).
Fifty-two trials for each condition were collected in two blocks of 26 trials each. Blocks of 26 trials were used to ensure consistency in the initial orientation with respect to the hand and global coordinate system of the attached shapes on the large ball. All experiments began and ended with participants performing twenty-six trials of the ONLY condition because the large ball used in this condition was not covered with Velcro and there was no additionally attached shape. Thus, rotation of the large ball in the hand from trial to trial had no effect on the experimental condition. Moreover, the experimenter checked to ensure that subjects held the ball firmly in the palm of the hand with fingers wrapped around the ball before each trial so that the position in the hand did not vary. After the initial block of the ONLY condition, the Velcro covered large ball was grasped by the subject, creating a firm attachment to the hand. Thereafter, six blocks of 26 trials of combined Conditions 1-3 were performed. The two blocks of 26 trials for each of the BALL, TRAP and STAR conditions were presented randomly. For each block of 26 trials, the shape was screwed into the large ball's bolt until it locked, ensuring that each object's orientation with the hand did not differ across blocks of trials. The experiment finished with the Velcro covered ball being removed and replaced by the smooth ball of the same diameter for the final block of the ONLY condition. Approximately 30-s occurred between each trial of a block, which was the time required for participants to return to the starting location and align the arm within the vacuum bag. Ten minutes rest was provided between blocks of trials.
Participant Instructions
Participants were instructed to initiate their reach toward the target after they received a verbal "go" signal from the experimenter, and to reach to the target in one continuous movement. It was emphasized that this was not a reaction time task, i.e., they were to move after the go signal but they did not need to react to that signal as fast as possible. Participants were told to remain at the target until the experimenter gave the instruction to return. They were asked to produce one smooth, continuous movement to the target and then to either drop it into the target can (ONLY condition) or insert the attached shape into the slot in the target can's lid (BALL, TRAP or STAR conditions).
We attempted to control movement time (MT) by using 10 test trials before the main experiment where participants were instructed to move as quickly as possible to the target and to accurately insert the STAR into its slot. The average MT of the ten test trials was obtained and used as the target MT. The STAR condition was used because in pilot studies, participants tended to perform this condition more slowly. Subjects were asked to keep their MT consistent with this target MT across trials and conditions. Because of the number of trials required for each condition, we could not formally monitor and provide feedback about MT after each trial. However, we monitored MT for groups of trials and provided the participant with feedback about how well they were maintaining the target MT. In practice, however, participants more consistently controlled the transport time component of MT, or the time required to reach the target after movement onset, with greater inter-subject differences in the time of adjustment once reaching the target across conditions (see Results).
Data Collection and Processing
Data Capture. Three-dimensional arm and scapula kinematics were recorded at a sampling rate of 120 Hz using a VICON M13 motion measurement system with eight pole-mounted cameras arranged in a circle around the subject. The VICON cameras were calibrated before each data collection.
Static Calibration. A static calibration with the upper arm positioned forward, parallel to the table and perpendicular to the trunk, the elbow fully extended, the upper arm and forearm in midposition rotation about their long axes, and the wrist positioned in neutral flexion-extension and abduction-adduction, the thumb pointing upward. This position was treated as the zero position for all joint angles and used as the reference position for the computation of joint angles from experimental trials (see below). The X-coordinate of each joint's local coordinate system in this position was directed from medial to lateral, the Y-coordinate pointed anterior to posterior, parallel to the axis of the upper arm and forearm, and the Z-coordinate pointed vertically upward, all axes being parallel to the corresponding axes of the global coordinate system. Because the target can was aligned with the global coordinate system, orientation of the hand with respect to the global system corresponded to the same orientation angles with the target.
Preliminary Marker Processing. Marker positions were low-pass filtered at 5-Hz using a bidirectional second-order Butterworth filter before computing other kinematic variables. Programs written with Matlab 7.1 software were used to perform all analyses.
Joint Angle Calculation. The computation of joint angles from the rigid body arrays was done in Matlab. The rigid bodies, located on the body segments, at each time frame of an experimental trial were rotated back into their position obtained during the static calibration trial (see above) by using the Söderkvist and Wedin method (Söderkvist & Wedin, 1993) to compute the associated rotation matrices. The product of two such adjacent rotation matrices was used to extract the Euler angles between adjacent segments in Z-X-Y order. The result yielded ten rotational degrees of freedom (DOFs): three at the clavicle/scapula (abduction-adduction about the Z-axis; elevation-depression about the X-axis and upward-downward rotation about the Y-axis), and shoulder (horizontal abduction-adduction about the Z-axis; flexionextension about the X-axis and internal-external rotation about the Y-axis), and two DOFs at the elbow (flexion-extension about an axis oblique to the local coordinate system; forearm pronation-supination about the Y-axis) and wrist (flexion-extension about the Z-axis; abduction-adduction about the X-axis). Rodrigues' rotation formula was used to rotate the elbow flexion-extension axis from the X-axis of the global coordinate frame to the axis formed by markers placed at the medial and lateral epicondyles of the humerus (Murray et al., 1994) , The accuracy and reliability of the motion analysis system for estimating smaller joint angle changes than occurred in this experiment has been established previously (Hsu et al., 2007) .
Kinematic Variables. The following kinematic variables were computed from the motion of the hand or joint angles:
1. Transport and Adjustment Times: The peak value of resultant velocity of the hand markers was used to define the onset of the hand trajectory as the time when a backward-search algorithm from the time of peak velocity encountered 2% of that peak value. The termination of hand transport phase (and, consequently, the onset of hand adjustment phase) was selected as the time when an obvious change occurred in the smoothness of the velocity profile, frequently around 5% of peak resultant velocity but sometimes at a larger value (e.g. Figure 2b ). We found that the most consistent method for determining the termination of the adjustment phase was to select the time when the hand's velocity decreased to 1% of the peak velocity attained following the end of the transport phase as defined above. The onset, termination of hand transport and termination of the adjustment phase were selected automatically by a Matlab algorithm and visually checked for correctness. In particular, if the termination of the transport phase/start of the adjustment phase selected using the resultant velocity did not match with the beginning of the adjustments observed in z-axis velocity profile, that point was selected by hand and checked again for correctness based on the hand trajectory (right panels of Figure 2 ).
These three selected points were visually checked using the 3D path of the reflective marker placed on the index finger interphalangeal joint. If the points did not reflect the correct selection for each phase, they were manually selected for correctness. The time from movement onset to the termination of the transport phase was considered transport time. The time from transport phase termination to the end of movement was considered adjustment time.
The transport and adjustment phases were each time-normalized separately to compute variances across trials at each percentage of the trajectory. We initially considered three subphases of the transport phase: early (1-30%), middle (41-60%) and late (81-100%) transport phase, but focus here on the late transport phase. The adjustment phase was divided in half into early and late adjustment phases.
Range of joint excursion:
For each subject, the range of each joint angle's excursion was computed separately for the transport and adjustment phases, and then averaged across trials for each subject. The joint excursions for each joint angle are illustrated in the Results section. However, for statistical analyses, we computed the geometric mean of (1) the three scapula joint motions, (2) the three shoulder joint angles, and (3) the two elbow and two wrist joints angles to form joint complexes. This was done to simplify the analysis and to investigate differential contributions of proximal and distal joints when the orientation constraint was either strong or weak.
Hand-path variability:
The variance of the hand's position in each dimension was computed and then the norm of these three measures was computed, at each percentage of the movement. The norm was then averaged across each of the early, mid and late transport and early and late adjustment phases for statistical analyses.
Hand-target orientation:
To compute the hand's orientation with the target, we first computed the unit vectors defining a local coordinate system embedded in the hand (i.e., the local x, y and z axes) using the rigid body on the hand. The rotation matrix taking this coordinate system into the coordinate system of the target, which was aligned with the global system, was then estimated using Söderkvist and Wedin's (Soderkvist & Wedin, 1993) approach at each point in the movement. Euler angles corresponding to pitch (rotation about the x-axis of the target), roll (rotation about the target's y-axis) and yaw (rotation about the target's z-axis) were then extracted from the matrix. We emphasize that these motions are defined here with respect to the target, which was aligned with the global coordinate system, not with respect to the local coordinate system of the wrist as defined above (see joint angle calculation). Thus, the critical angle for orienting the star and trapezoid shapes was the yaw angle, or rotation about the vertical or z-axis of the target, whereas this required control of wrist abduction-adduction, which corresponded to rotation about the x-axis of the local wrist frame defined in the calibration position. The mean orientation angles and their SD across trials for pitch, roll and yaw then were computed for each subject. We predicted that changes in the orientation angles would occur early in the transport phase, not restricted to when the target was being approached. The SD of the hand's orientation about the z-dimension of the target (yaw) was predicted to distinguish most between the experimental conditions, with variability being smallest for the TRAP and STAR conditions because of the need to align the shape about the yaw axis to insert it. Of course, this fact does not preclude the participants from also controlling rotation about this axis in the BALL or even the ONLY condition.
The greater the importance of a particular orientation angle, the more the variability of that angle should decrease toward the end of transport and during the adjustment phase. To investigate this, we computed the difference between the maximum SD of hand-to-target orientation during transport and the SD at the end of transport. A similar difference measure was computed for the adjustment phase to compare differences among conditions.
Uncontrolled manifold (UCM) analysis:
The UCM approach was implemented to analyze the structure of joint configuration variance relative to stabilization of the movement variables of interest (Scholz & Schöner, 1999) . The structure of variance is defined by the amount of joint variance that leads to a change in the value of a task variable, compared with the amount of joint variance that reflects motor abundance, i.e., different ways of combining the joints to achieve the same value of the task variable of interest. Considering the space of joint configurations, at any point in the time-normalized movement a manifold can be defined in that space within which changes of the joint configuration across repetitions yield an identical value of the task variable to which the joint configuration is being related. This component of variance is referred to as UCM variance (V UCM ) and may be considered in some contexts as reflecting compensations for errors in the output of some joints' motion by adjustments in the motion of other joints . Trial-to-trial variations of the joint configuration that do not lie within this manifold lead to unwanted changes in the value of the task parameter of interest, and is referred to as orthogonal variance (V ORT ; i.e., variance in the subspace of joint space that is orthogonal to the uncontrolled manifold.).
In the current study, the variance of the ten recorded joint angles (10-DOF) was partitioned into these two variance components to test the following hypotheses: that the nervous system stabilizes the value of 1) the hand's three-dimensional (3D) position along its path to the target and 2) the hand's orientation with respect to the three vectors defining the target position in external space. The Jacobian matrix forms a link between small changes in the joint configuration at each point in the movement and changes of the task parameters. The Jacobian for the 3D position control hypothesis was obtained by differentiating the geometric map relating changes in each of the ten joint angles to changes in the 3D hand position. Orientation was described using two orthogonal vectors based on the hand markers that were constant in the wrist frame. Two projections of one vector and one projection of the other vector onto the three axes of the global coordinate frame, with which the target's coordinate system was aligned, provide the constraint equations from which the Jacobian was computed by differentiating with respect to the joint angles. The null space of each Jacobian matrix was computed in Matlab representing linear approximations to UCMs for control of hand position or hand orientation. Then, at each point in normalized-time "i" of a given trial, the configuration of joints (θ i ) was referenced to the mean joint configuration (θ ij ) across all trials at the same time point, "j", i.e., (θ i -θ ij ), and projected onto the null space computed based on the mean joint configuration at that time (i.e., null[J(θ ij )]), and into the orthogonal subspace. The variance of the projections into each subspace across trials was then computed and normalized to the number of DOFs of each subspace to allow comparisons across the two subspaces for each control hypothesis. For analyses related to stabilization of either the 3D hand position or 3D hand orientation, variance within the UCM was divided by 7 (V UCM ), whereas variance in the subspace orthogonal to the UCM was divided by 3 (V ORT ). The normalized variances are reported here as V UCM and V ORT , respectively. Mathematical details of the method can be found in Reisman and Scholz (Reisman & Scholz, 2003) . If V UCM is found to be significantly larger than V ORT for either or both hypotheses, this would be consistent with previous studies indicating that stable control of a particular movement variable is accomplished by using motor abundant solutions to coordinate the motor elements, here the joint motions. If the stability of the 3D position, identified by differences between V UCM and V ORT , is unaffected when a change in the task requires the precise control of hand orientation, this will suggest that the presence of motor abundance allows for simultaneous stabilization of both movement variables. In addition, we expect to see greater differences between V UCM and V ORT related to the stabilization of orientation when more precise orientation is required. We also examined the relative variance difference between the variance components, i.e., RV DIFF = (V UCM -V ORT )/(V UCM +V ORT ), which is sometimes helpful to see more clearly how the two components differ. The closer the relative difference is to 1.0, the more that the joint variance reflects the use of motor abundance to stabilize a given performance variable. When this difference is close to zero or negative, this indicates that more of the variance of the joint combinations leads to variability of the performance variable.
Statistical Analyses
Either repeated measures analyses of variance (ANOVA) or repeated measures multiple analyses of variance were performed to test for the statistical significance of the experimental variables, as outlined in Table 1 . All analyses involving joint angle measures were based on data expressed radians or radians 2 although they are displayed in the figures as degrees or degrees 2 for ease of interpretation. Condition refers to the experimental condition, i.e., ONLY, BALL, TRAP and STAR. Phase refers to the transport and adjustment phases. The variance components for the analysis of joint configuration variance were V UCM and V ORT . The level of significance was set at p < .05 for all comparisons. If the interaction was significant, the condition effect was examined using another ANOVA or MANOVA, depending on the variable (see Table 1 ), performed on experimental condition, separately for each phase. Further investigations of the results were performed with post hoc pairwise comparisons with Bonferroni corrections or using the within-subjects contrast table produced in SPSS following the MANOVAs, as indicated in Table 1 . Two levels of the factor "phase" were included in these analyses, the transport and adjustment phases; *Five levels of the factor "phase" were included in these analyses, three phases during hand/object transport (early, middle and late) and two phases during adjustment to the target (early and late). Dependent Measures for MANOVA: a = scapula, shoulder, and combined elbow & wrist joint angles; b = yaw, roll and pitch orientation angles
Results

Transport and Adjustment Time Components of Movement Time (MT)
The two-way ANOVA revealed significant effects of experimental condition (F 3, 27 = 21.5, p < .001) and phase of the task (F 1, 9 = 8.5, p < .05), as well as a significant condition by phase interaction (F 3, 27 = 45.6, p < .001). Figure 3 shows that differences in the transport component of MT among the conditions were small. However, the ANOVA performed at this phase revealed that this difference was significant (F 3, 27 =19.8, p < .001). Post hoc tests found significant differences between the ONLY and BALL conditions (p < .05) and between these two conditions compared with both the STAR and TRAP conditions (p < .05). The transport time for the STAR and TRAP conditions did not differ significantly (p = 1.0).
The separate ANOVA performed on the adjustment phase revealed that this MT component also differed significantly among the conditions (F 3, 27 = 36.7, p < .001). Post hoc analyses showed that adjustment time for the BALL condition was shorter than for the ONLY condition (p < .05), and the TRAP and STAR conditions (p < .001). Adjustment time for the STAR condition was longest, on average, greater than for the TRAP or BALL (both p < .01) or ONLY (p < .05) conditions. The adjustment time for the ONLY condition was not significantly different, however, from that of the TRAP condition (p > .45). Figure 4 illustrates the range of joint excursions during (a) the transport and (b) the adjustment phases for the four experimental conditions. Differences across conditions appeared to be relatively small for the transport phase (Figure 4a ), although. For the repeated measures MANOVA, we combined excursions for the three scapula joint angles, the three shoulder joint angles and those of the four distal joint angles (i.e., elbow flexion-extension, pronation-supination, and wrist flexion-extension, abduction-adduction), treating them as dependent measures. The overall MANOVA revealed significant differences among the experimental conditions (F 9, 81 = 6.06, p < .001), between the movement phases (F 3, 7 = 81.2, p < .001), and a significant condition by phase interaction (F 9, 81 = 4.9, p < .001). The univariate effects for all joint complexes were also significant.
Range of Joint Excursion
For the transport phase, MANOVA revealed a significant condition effect for the scapula (F 3, 27 = 4.2, p < .05), shoulder (F 3, 27 = 19.5, p < .001) distal (F 3, 27 = 25.8, p < .001) joint angle complexes. Post hoc tests revealed that the excursion of the scapula angle complex was significantly less for the ONLY condition than for any of the other three conditions (all comparisons, p < .05). However, there was no difference in this angular excursion among the BALL, TRAP or STAR conditions (all comparisons p > .30). For the shoulder complex, the excursion was smallest for the ONLY condition compared with the BALL (p < .001) and TRAP (p < .05) conditions, and approached being significantly smaller than the STAR condition (p = .056). Excursion of the shoulder joint complex for the TRAP and STAR conditions did not differ (p > .7) and were intermediate between the ONLY condition and the BALL condition (both p < .01). Finally, for the distal joint complex (i.e., combined elbow and wrist joint angles), the condition differences were qualitatively identical to those for the shoulder joint complex. Shoulder joint excursion during performance of the ONLY condition was smaller than for the BALL (p < .001), TRAP (p < .01) and STAR (p < .05) conditions, while the BALL condition had larger excursion, on average, than the TRAP (p < .001) or STAR (p < .001) conditions. Once again, there was no difference in excursion between the STAR and TRAP conditions (p > .08). Thus, even though all conditions required reaching to the same target, the amount of excursion for each condition during the transport phase was affected by the nature of the final action.
The MANOVA performed on the adjustment phase revealed a significant effect of experimental condition on excursions of the scapula joint complex (F 3, 27 = 41.1, p < .001), the shoulder joint complex (F 3, 27 = 53.6, p < .001), and the combined distal joints (F 3, 27 = 38.0, p < .001; Figure 4b) . Interestingly, the pattern of differences were identical for all three joint complexes for the adjustment phase, with no difference between the ONLY and BALL conditions (scapula: p > .67; shoulder: p > .13; and distal joints: p > .68) or between the TRAP and STAR conditions (scapula: p > .08; shoulder: p > .14; and distal joints: p > .49), as revealed by post hoc analyses. The excursions of all joint complexes were larger for the TRAP and STAR conditions than for the ONLY and BALL conditions (all comparisons, p < .001). These results are indicative of the greater adjustments of joint positions required for appropriate object insertion in the more highly constrained conditions (STAR and TRAP).
Hand Path Variability
The average standard deviations of the resultant 3D hand position for each movement phase and condition are presented in Table 2 . Differences in variability among the conditions depended on the phase of movement (F 12, 108 = 3.3, p < .001), as revealed by the two-way interaction in the repeated-measures ANOVA. Further analyses revealed that there were no significant differences in hand path variability among conditions for the early or late transport phases or for the early or late adjustment phases as revealed by one-way ANOVA's (all p > .1). Only for the mid-transport phase was there a difference in hand path variability among the conditions (F 3, 27 = 4.22, p < .05). Interestingly, hand path variability for the BALL condition was higher than any of the other conditions, but this difference reached significance only when compared with the ONLY condition (p < .05). Figure 5a depicts the yaw, pitch and roll angles (± SEM) of the hand with respect to the target coordinates, averaged across subjects. For all conditions, each angle began to change relatively early in the transport phase, typically by at least 25% of the hand's trajectory. Additional small changes in orientation angle occurred during the adjustment phase, most notably for the TRAP and STAR conditions (Figure 5a ), and less so for the BALL condition. In contrast, there appeared to be little additional change of the three orientation angles for the ONLY condition.
Mean Hand-Target Orientation
The amount of change of the yaw, pitch and roll angles differed between movement phases (F 3, 7 =1.24, p < .001) and among the experimental conditions (F 9, 81 = 7.30, p < .001), as revealed by the overall repeated measures MANOVA. The effect of experimental condition also depended on the movement phase (F 9, 81 = 4.7, p < .001), however. The univariate tests indicated that the main effects and the interaction were significant for all orientation angles. Post hoc tests revealed that the change of all three orientation angles during the transport phase was greater for the BALL than the ONLY condition (all angles, p < .01), greater for the TRAP than for the BALL condition (all angles, p < .01), but was not different between the TRAP and STAR conditions (all p > .11).
In contrast, the change of orientation angle did not differ between the BALL and ONLY conditions for the yaw, roll or pitch angles during the adjustment phase (all angles, p > .09), as revealed by post hoc comparisons. The change in orientation angle during the adjustment phase was again significantly larger for the TRAP compared with the BALL condition, the strongest effect being for the yaw angle (p < .001) compared with the roll (p < .01) or pitch (p < .05) angles. As was the case for the transport phase, there was no difference in the orientation angle change during the adjustment phase between the TRAP and STAR conditions (all p > .14). 
Hand-Target Orientation Variability
Figure 5b presents the mean value across subjects of orientation angle variability (± SEM), computed as the standard deviation across trials. When the hand was at the target with the palm facing downward, pitch corresponded to rotation about an axis passing from the thumb to the little finger, roll corresponded to rotation about the long axis of the hand, and yaw corresponded to rotation about a vertical axis passing through the palmar to the dorsal surface of the hand (ulnar-radial deviation).
To properly insert the trapezoid and star shaped objects into their corresponding target lid cutouts, yaw motion had to be well controlled, while control of the yaw angle was not crucial for either the BALL or ONLY conditions. The overall MANOVA revealed a significant effect of experimental condition (F 9, 81 = 4.4, p < .001) on the change of orientation angles. Although there was no main effect of phase (F 3, 7 = 2.2, p > .17), the condition by phase interaction was significant (F 9, 81 = 2.7, p < .01). Considering the transport phase, post hoc comparisons indicated a larger change in the yaw angle for the BALL condition compared with the ONLY, TRAP or STAR conditions (all comparisons, p < .01). The change in the yaw angle during transport was larger for the TRAP and STAR conditions than for the ONLY condition (p < .05). There was no significant difference in the decrease of roll angle variability toward the end of transport among the BALL, TRAP and STAR conditions (all comparisons, p > .2). However, only the decrease in variability for the TRAP condition was significantly larger than that for the ONLY condition (p < .5). There was no significant difference between the TRAP and STAR conditions (all angles, p > .25). No difference in the decrease in pitch angle variability during transport was found between the experimental conditions (all comparisons, p > .3).
During the adjustment phase, the amount of change of the yaw angle did not differ between the ONLY and BALL conditions (p > .1). The change in yaw angle was significantly smaller for the ONLY condition than for either the TRAP (p < .001) or STAR (p < .01) conditions, as revealed by post hoc comparisons. This pattern of results was similar for the roll and pitch angles, with no differences between the ONLY and BALL (Roll: p > .14; Pitch: p > .17) conditions and significantly smaller changes in these orientation angles for the ONLY condition compared with the TRAP (Roll: p < .001; Pitch: p < .05) or STAR conditions (Roll: p < .001; Pitch: p < .01). No difference was found between the TRAP and STAR conditions (all angles, p > .08).
Joint Configuration Variance
Three-Dimensional Hand Path. Figure 6a presents the results of the UCM variance analysis related to stability of the 3D hand path. For illustration, the variance components (V UCM , V ORT ) are presented after averaging across each percentage of the early, middle and terminal subphases of the transport phase and the early and late subphases of the adjustment phase.
The three-way repeated-measures ANOVA revealed that the joint variance component reflecting the use of motor abundance (V UCM ) was greater than V ORT (F 1, 9 = 34.2, p < .001). There was also a significant interaction between the experimental condition and phase (F 12, 108 = 2.5, p < .01), indicating that the total amount of joint variance differed between the conditions depending on the phase of the movement. To explore this further, we performed ANOVAs on each phase separately. Only during early (F 3, 27 = 4.1, p < .05) and middle (F 3, 27 = 5.2, p < .01) portions of the transport phase was there a difference in total variance between the conditions. During the early transport phase, this was due to significantly smaller total joint configuration variance in the STAR compared with the ONLY or BALL conditions (both p < .05). In the middle phase of the transport phase, the BALL condition had significantly greater joint configuration variance than either the ONLY (p < .05) or TRAP (p < .05) conditions. The higher joint variance of the BALL condition compared with the STAR condition approached significance (p = .06).
The ANOVA effects of greatest interest and most consistent with our experimental hypotheses, however, were the interactions between the factor variance component and factors experimental condition and movement phase. Of these interactions, neither the condition by variance component (p > .37) nor the three-way (p > .21) interactions were significant. The two components of variance changed differently across the phase of the movement, however (F 4, 36 = 10.0, p < .001). Post hoc analyses revealed that V UCM , reflecting the use of motor abundance, increased from early transport to the mid-transport subphase (p < .01). It but did not differ significantly between the mid-and late transport subphases (p > .86) or between the late transport and early adjustment subphases (p > .26). There was a significant decrease of V UCM from the early adjustment to the late adjustment subphase (p < .01), however.
The component V ORT , which leads to variability of the 3D hand path, was smaller for the early transport subphase than for any of the other subphases (p < .01). The increase of V ORT from the early to mid-transport subphase, around the time of peak hand path velocity, is consistent with results of previous studies of pointing tasks (Tseng & Scholz, 2005a , 2005b Tseng et al., 2002) . This component of variance did not differ between the mid-and late transport subphases (p = 1.0), but it decreased significantly between the late transport and the early adjustment subphases (p < .01) and from early to late adjustment subphases (p < .01). Figure 6b displays the relative variance difference (i.e., RV DIFF = [V UCM -V ORT ]/ [V UCM + V ORT ]) across both condition and phase. This measure differed depending on the phase of the movement (F 4, 36 = 33.5, p < .001). There was no effect of condition (p > .5), however, nor a condition by phase interaction (p > .19). RV DIFF was smallest for the mid transport phase, around the time of peak velocity, due to a proportionally larger increase in V ORT than V UCM during this phase. Post hoc tests indicated that RV DIFF was significantly smaller during this subphase than during the early transport (p < .001) or the early (p < .01) and late adjustment (p < .001) phases. The difference in RV DIFF between mid-and late transport phases did not reach significance (p = .075). The magnitude of RV DIFF gradually increased between late transport and early adjustment phases (p < .05) and between early and late adjustment phases (p < .01), reflecting the smaller decrease in V UCM than V ORT during these subphases (Figure 6a) . Three-Dimensional Hand-Target Orientation. Figure 7a presents results related to the control of the hand's orientation with respect to the three axes defining the target's orientation, yaw, pitch and roll. On average, V UCM was larger than V ORT (F 1, 9 = 63.2, p < .001), although the strength of this difference depended on the combination of condition and movement phase (F 12, 108 = 2.9, p < .01). For example, during the late transport phase, the variance components did not differ significantly (p > .06), and this did not depend on the experimental condition (p > .39). Thus, there was no evidence for a synergy stabilizing hand-target orientation during this phase of the task.
In contrast, there was a significant condition by variance component interaction for both the early (F 3, 27 = 4.9, p < .05) and late (F 3, 27 = 5.3, p < .01) subphases of the adjustment phase. Simple interaction effects between condition and the variance component were examined to further explore these significant interactions. During the early adjustment phase, the difference between the variance components differed depending on the experimental condition (F 3, 27 = 5.3, p < .01). Post hoc tests revealed that the difference between V UCM and V ORT was minimal for the ONLY condition compared with a large difference between the variance components for the BALL condition (p < .01). However, the difference between V UCM and V ORT was not different between the BALL and TRAP conditions (p > .58) or between the TRAP and STAR conditions (p > .93).
The same result was true for the late adjustment phase, with the difference between V UCM and V ORT being significantly smaller for the ONLY condition compared with the BALL condition (p < .05). The difference between the variance components did not differ between the BALL and TRAP (p > .62) or between the TRAP and STAR (p > .77) conditions. Thus, the synergy stabilizing hand-target orientation was only present for the three conditions that required controlled orientation during the adjustment phase.
These results were confirmed by examination of RV DIFF (Figure 7b ). Note that higher RV DIFF indicates a stronger synergy stabilizing hand-target orientation. The two-way ANOVA indicated that the magnitude of RV DIFF depended on the phase of the movement (F 4, 36 = 11.4, p < .001). Overall, RV DIFF related to stabilizing the hand-target orientation decreased from the early through the late transport phase and increased again thereafter (Figure 7b) . However, the change in the magnitude of RV DIFF with phase also depended on the experimental condition (F 12, 108 = 6.6, p < .001). However, post hoc contrasts revealed that this was true only for the early adjustment (F 3, 27 = 5.99, p < .01) and late adjustment (F 3, 27 = 13.56, p < .001) phases, while RV DIFF did not differ among the experimental conditions during the early (p > .20), mid (p > .85) or late (p > .33) transport phases. If anything, the synergy stabilizing hand orientation during the late transport phase was, on average, stronger for the two conditions requiring least orientation stability. During early adjustment to the target, RV DIFF for the ONLY condition was significantly smaller compared with the BALL condition (p < .05), but RV DIFF did not differ between the BALL and TRAP (p > .56) or between the TRAP and STAR (p > .14) conditions, as revealed by post hoc contrasts. For the late adjustment phase, RV DIFF for the ONLY condition was again smaller than for the BALL condition (p < .01), while this measure did not differ between the BALL and TRAP (p > .27) or between the TRAP and STAR (p > .61) conditions.
Discussion
The present study was designed to investigate the role of motor abundance in facilitating the simultaneous resolution of position and orientation constraints by presenting experimental conditions that differed in their hand-target orientation requirement. The STAR and TRAP conditions produced the strongest orientation constraint by requiring subjects to control the hand's orientation to all three of the target axes. In contrast, the ONLY condition provided no explicit constraint on orientation because although the same sized, hand-held ball had to be transported an identical distance to the same final target location, it could be dropped into the open coffee can with a variety of orientations of the hand to the target axes. The orientation constraint for the BALL condition fell in between these extremes given that stabilization of the yaw angle was not essential for inserting the small ball that was attached to the hand-held ball into the similarly sized circular cutout of the target. Of course, subjects could have stabilized object orientation by default regardless of the explicit orientation constraint. However, the orientation requirements imposed by the different shapes, in particular, the trapezoid and star shapes, apparently were effective in constraining the hand's orientation. This was revealed by differences among the conditions in the angular excursions, the change in handtarget orientation during the transport and adjustment phases, as well the amount of variability of hand-target orientation about the yaw, pitch and roll axes.
The joint excursions differed less among the conditions during the transport phase compared with the adjustment phase. However, there were smaller excursions of the angles of the scapula complex, the shoulder complex, and the combined distal joint angles during transport to the target for the ONLY condition when compared with the other three conditions. This result suggests that there was some preparation during hand transport related to the hand-target orientation requirements.
During the adjustment phase, excursions of all joints were significantly larger in for the TRAP and STAR conditions compared with the ONLY and BALL conditions, whose excursions did not differ from one another. This difference is not surprising for the ONLY condition, which required minimal orienting of the hand. Although the adjustment time for the ONLY condition was shorter than that of the STAR condition, adjustment time for the ONLY condition did not differ from the TRAP condition. Therefore, this difference in excursion is unlikely due to differences in adjustment time. The longer than expected adjustment phase for the ONLY condition was due to a tendency to pause at the target before dropping the ball, likely the result of an attempt to ensure that the large ball would not hit the side of the can when dropped and miss the target. The joint excursion result is more surprising for the BALL condition, which did require orientation along the roll and pitch axes.
The striking difference among conditions between the movement phases appears to justify this separation for the other analyses. Given the larger joint excursions for the TRAP and STAR conditions, the presence of signal-dependent noise would lead to the expectation of higher joint variance affecting the hand's position or its orientation when compared with the BALL and ONLY conditions (Hamilton & Wolpert, 2002; Harris & Wolpert, 1998) . The fact that joint variance leading to hand position or orientation variability was actually smaller in the former conditions, at least compared with the ONLY condition, attests to the fine control of orientation being exerted that was unrelated to overall joint excursion.
In addition to differences in joint excursions, the conditions differed in the amount of change of the orientation angles during the transport and adjustment phases. Orientation of the hand to the target began to change relatively systematically during the early phase of hand/object transport for all orientation angles (Figure 5a ). The amount of change was smallest for the ONLY condition compared with the BALL and TRAP conditions, but not consistently so compared with the STAR condition. During adjustment to the target, the average change in the yaw, pitch and roll angles was not different between the ONLY and BALL conditions but was greater for the TRAP and STAR conditions, particularly for the yaw angle.
As with the change in average orientation angles, changes in the across-trials variability of yaw, pitch and roll angles differed among the experiment conditions even during the transport phase (Figure 5b ). All orientation angles increased their variability between the early and mid subphases of hand/object transport. In most cases, this variability decreased again toward the end of the transport phase, most consistently for the yaw and roll angles. This was not true, however, for the ONLY condition, which exhibited a continued increase in across-trials variability up to the end of the transport phase. Stability of the yaw angle was, of course, not important for this condition. For the adjustment phase, variability continued to drop for the yaw and pitch angles and less consistently again for the pitch angle. This was true, however, only for the BALL, TRAP and STAR conditions, with the largest decrease for the latter two conditions. Variability of all orientation angles for the ONLY condition did not change during the adjustment phase from its value at the end of the transport phase. These findings confirm that participants did not control orientation as strongly when performing conditions with weaker orientation constraints.
Role of Motor Abundance in Resolving the Task Constraints
To test the hypothesis that motor abundance plays an important role in resolving task constraints simultaneously, we used the UCM approach, which partitions variance of the motor elements into two components with respect to different movement variables hypothesized to be important for task success. One component of variance (V UCM ) has no affect on the variable under consideration. Its magnitude reflects the use of motor abundance. The other variance component (V ORT ) leads to (presumably unwanted) variability of the performance variable. We predicted that if motor abundance makes easier the resolution of the two task constraints investigated here, i.e., hand position and orientation, then the UCM analysis related to stabilization of the hand's position at each point in its path to the target largely should remain unaffected by the degree of orientation constraint provided by the task. This may seem trivial given that both hand position and orientation need to be well controlled to put the object into the cutout. However, although V ORT needs to be kept minimal to stabilize hand position, V UCM does not. Moreover, we predicted that the UCM results related to the stabilization of the 3D hand-target orientation should be stronger for the tasks requiring greater orientation control. That is, the proportion of total variance contributed by V UCM should be greatest for the TRAP and STAR conditions and somewhat lower for the BALL condition.
The results of the UCM analyses confirm these hypotheses, except for the BALL condition. The relative amount of V UCM and V ORT computed with respect to the hand position differed across the transport and adjustment phases for all conditions. These results are consistent with previous reports of pointing tasks (Tseng & Scholz, 2005a; Tseng et al., 2002) . Thus, the results of the UCM analysis related to stabilization of the 3D hand position support the contention that adding an orientation constraint does not affect position control. There was a tendency for V ORT and particularly V UCM to be smaller in relation to position control during the adjustment phase for the three conditions requiring some hand-target orientation compared with the ONLY condition. This suggestion may reflect the need to resolve the additional constraint by restricting some joint combinations within the UCM for hand position control. However, these differences were not significant, due in large part to large individual variability for the ONLY condition. The fact that V UCM was still significantly higher than V ORT with respect to position control during the adjustment phase, however, suggests that joint variations related to the control of hand orientation were constrained to limit their impact on position control. This result is consistent, in part, with the finding of Wang (1999) that the variability of the reach trajectory was little affected by different hand orientations except during the deceleration phase. The fact that they used different target orientations likely accounts for the difference during movement deceleration.
The transient increase in V ORT in the middle of the movement resembles similar results in studies of multifinger quick force production (Goodman, Shim, Zatsiorsky, & Latash, 2005; Latash, Li et al., 2002) . According to a model developed by Goodman and colleagues (Goodman et al., 2005; Gutman, Latash, Almeida, & Gottlieb, 1993) , this increase in variance may be related to variability of a timing parameter at the level of planning the trajectory.
Examination of the UCM results related to 3D hand orientation further confirmed our main hypothesis, and was consistent with the trends in hand-target orientation variability ( Figure 5 ). When control of hand-target orientation was less critical (i.e., the ONLY condition), both V ORT and V UCM were of similar magnitude during the late transport and both adjustment subphase. This was confirmed by the RV DIFF analysis, which can be used as an index of the strength of the synergy stabilizing a given performance variable . This index was substantially and significantly smaller for the ONLY condition compared with the other conditions during the adjustment phase. This finding is important because despite higher V ORT associated with hand-target orientation for the ONLY condition and to a lesser extent for the BALL condition compared with the TRAP and STAR conditions (Figure 7a ), this joint variability had little effect on indices of stabilization of the hand's 3D position (Figure 6b) .
These results are consistent with recent findings of Zhang et al. (Zhang et al., 2008) who studied the coordination of a set of fingers during performance of a force production task with and without an additional constraint on the control of the moment of force. Their results showed that participants were able to successfully resolve the moment control constraint without adversely affecting the control of total force output.
The general idea that several patterns of covariation among elemental variables related to the stabilization of different performance variables (multielement synergies) can coexist without interference is closely related to the principle of superposition introduced in robotics for the control of artificial grippers (Arimoto, Nguyen, Han, & Doulgeri, 2000; Arimoto, Tahara, Yamaguchi, Nguyen, & Han, 2001 ). According to this principle, complex motor tasks are reduced to a set of subtasks that are controlled by independent controllers. The output signals of the controller converge onto the same set of actuators where they are summed up. This method of control has been shown to lead to a decrease in the computation time as compared with control of the action as a whole. The principle of superposition has been confirmed in experimental studies of human prehension (Shim, Latash, & Zatsiorsky, 2003; Zatsiorsky, Latash, Gao, & Shim, 2004) . The current results, as well as the mentioned results of Zhang and coauthors (Zhang et al., 2008) , may also be seen as examples of the principle of superposition afforded by the motor abundance of the multijoint and multidigit systems.
Is Hand Orientation Controlled Throughout the Reach?
A number of recent studies have investigated the relationship between the control of hand position and hand orientation during the performance of skilled upper extremity tasks, with mixed conclusions (Cuijpers et al., 2004; Desmurget & Prablanc, 1997; Desmurget et al., 1996; Fan, He, & Tillery, 2006; Gosselin-Kessiby, Messier, & Kalaska, 2008; Ma-Wyatt & McKee, 2007; Marotta, Medendorp, & Crawford, 2003; Mitra & Turvey, 2004) . Soechting and Flanders (1993) , for example, investigated the relationship between errors in orienting the hand to a cylindrical target when at the same or different spatial locations relative to the hand's location. The authors found that errors in hand-to-target orientation depended on the target's spatial location when the target was visible. They nonetheless concluded that separate channels exist for estimating target orientation and spatial location, based in part on the finding that both variable and constant errors of hand-to-target orientation to a remembered target were independent of the target's location. This finding suggests the possibility of separate channels for control of these two features as well. Wang (1999) suggested that hand path and hand orientation were independently controlled based on the finding that several features of reaching, including path curvature and the timing of peak movement events, were unrelated to the target's orientation. Similar conclusions were drawn by Fan and colleagues based on the study of reaching to predictably and unpredictably perturbed target orientations in humans as well as the results of cortical recordings during primate reaching . The latter study revealed separate cortical cells firing in relation to hand transport and hand orientation. Nonetheless, other cells were reported to fire in response to both movement parameters, making questionable this interpretation (Stark, Asher, & Abeles, 2007) .
In contrast, the results of several studies have led to the conclusion that hand transport and orientation are planned and controlled together. Desmurget et al. (1996) came to this conclusion based on the fact that the movement trajectory of a marker on the wrist was strongly affected by a cylinder's orientation and by the occurrence of perturbations of that orientation after reach onset (Mamassian, 1997) . Gosselin-Kessiby et al. (2008) reported a strong relationship between the peak velocity of hand orientation and hand transport during reaches requiring the insertion of a cylinder into a slot, leading them to conclude that hand orientation and position are "functionally coupled". However, participants were instructed in that experiment to orient and transport the hand simultaneously. Similarly, in contrast to Wang (1999) , Mitra and Turvey (2004) found that previously described reaching invariants such as bell-shaped velocity profiles and quasi-linear hand paths were violated when variations of hand orientation were required, suggesting that orientation and transport are not controlled independently. The differences in these studies were likely due to differences in the experimental design as well as statistical methods used to investigate the relationship between hand orientation and position.
On the one hand, our finding that the three orientation angles began to change their values early in the transport phase and continued to do so throughout that phase could suggest that the control of orientation and position are coupled (Figure 5a ). However, we also found that hand-target orientation variance increased up until the late transport subphase. More importantly, the finding of similar indices of stabilization of the hand's 3D movement trajectory (i.e., RV DIFF ) across conditions that had substantially different orientation constraints is compatible with the idea of independent control of trajectory and orientation.
Although movement parameters related to the hand's path might be correlated to changes of hand orientation, such findings do not themselves address the question of independent control of position and orientation. Moreover, unless independent DOFs are involved in the production of hand transport and hand orientation, the question of independence of control would be difficult to answer with correlation or multiple regression techniques typically used in the prior investigations. An extension of the "visuomotor channels" hypothesis suggests that hand transport and orientation are separate processes carried out by different control mechanisms within the "dorsal stream", and implemented by different effectors (Arbib, 1981; Jeannerod, 1981 Jeannerod, , 1999 . However, despite evidence in favor of this hypothesis (Jeannerod, 1999) , several studies have revealed a contribution of proximal joints to hand-target orientation as well as to hand transport (Desmurget et al., 1996; Gosselin-Kessiby et al., 2008; Marotta et al., 2003; Wang, 1999) . Consistent with those results, we found substantially greater excursions of some of the clavicular/ scapular and shoulder joints for the conditions requiring the strongest orientation to the target compared with the other conditions.
Related to this question is the identification of when orientation of the hand to the target actually begins during hand transport. Koshland and Hasan (1994) examined two-dimensional, planar reaching involving three joints and reported initial muscle activation that was independent of the required final hand orientation. Their result suggested that orientation is not controlled until the final part of reaching. If proximal joints play a role both in hand orientation and transport, then one could expect hand transport and orientation to evolve together during the reach (Cuijpers et al., 2004; Desmurget et al., 1996; . In an earlier study of pistol shooting (Scholz et al., 2000) , we found that stabilization of the gun's orientation to the target was present from the onset of movement until the time of shooting, while other variables such as the hand's absolute spatial position or the arm's center of mass coordinates were stabilized only early in the movement. Similar stabilization of these variables early in the movement was related, perhaps, to the fact that the position and orientation of the arm and gun both were well controlled initially, not necessarily that they involved dependent control processes. The evidence for stabilization of the hand-object orientation (Figure 7a ) as well hand position ( Figure  6a ) during the early subphase of hand/object transport in the current experiment may have a similar origin.
Most studies to date investigating this issue have not considered explicitly the role of motor abundance in resolving various constraints on task performance. Without motor abundance, the control of hand transport and orientation would likely interfere with one another. It might be preferable in that case to resolve the two task constraints sequentially, orienting the hand only after reaching the target.
Given motor abundance, however, simultaneous solution of these constraints is theoretically possible without mutual interference. Cuijpers et al. (2004) examined, for example, the relationship between hand transport, hand orientation and grip aperture in relation to reaching to and grasping cylinders having different orientations. They reported that hand orientation changed gradually during the reach, explaining about 49% of the variance of final hand orientation by the time that the reach had achieved 35% of the target distance and explaining 90% of the final variance before the reach was 80% complete (see Figure 9 of Cuijpers et al. 2004) . Those findings led the authors to conclude that orientation is specified gradually as the reach progresses. One might conclude from this that position and orientation are controlled together (Desmurget et al., 1996) . Cuijpers et al. (2004) emphasized that the correlation between early and late orientation does not mean that systematic errors in orienting the hand to the target do not occur. Indeed, their participants were reported to make such errors. However, we could expect that any variables expected to change values over time would show such a correlation, unless the orienting occurred only at reach termination. Although our task was different, we computed a similar measure to contrast differences in conclusions that might result from correlation approaches compared with the UCM analysis. Table 3 presents the results of this analysis from our current data. As with the results of Cuijpers et al. (2004) , one could conclude that hand orientation was gradually specified as the reach progressed. This is, of course, not the conclusion we would arrive at from the UCM results. Results of the UCM analysis suggest that hand orientation was not well stabilized until the hand reached the target ( Figure  7) . Indeed, the stability of hand orientation was significantly diminished during the late transport phase, with V UCM minimally different from V ORT and less so for the TRAP and STAR conditions compared with the ONLY and BALL conditions, only to reemerge during the adjustment phase. That is, during late transport, the variability of joint motions was as likely to lead to variability of the hand's orientation to the target as it did to stability of that orientation across repetitions. It is also of interest that the two conditions requiring the most precise orientation to insert the object had the smallest amount of terminal variability of hand orientation explained at 75% of hand transport (Table 3) .
It is possible that this result was due to the nature of our target setup. That is, although the height of the coffee can was well below eye level, participants' line of sight to the cutout for object insertion in the can's lid was not ideal (Figure  1 ). Positioning the can on its side and facing the participants might have resulted in the earlier and more continuous control of hand orientation. Nonetheless, the results indicate that the control of hand position and orientation are not necessarily dependent and that the extent of their mutual control likely is related to the task requirements (Ansuini, Giosa, Turella, Altoe, & Castiello, 2008) .
On the Use of Abundance in Reaching Tasks
The results of the UCM analysis lead to a different conclusion about the control of reaching and orienting tasks than do several other studies of such tasks. For example, Desmurget and colleagues (1996) presented results suggesting that for a given initial hand position and a fixed location and orientation of the target, participants used a unique combination of joints to acquire the target (Grea, Desmurget, & Prablanc, 2000) . Consistent with this conclusion, Rosenbaum et al. (1999) argued that goal-directed movements are planned in joint space as sets of angles representing a desired or a reference posture. concluded that although motor abundance allows the attainment of a final hand position and orientation, their experimental results suggested reproducible arm and hand trajectories from trial to trial for the same target orientation and starting position. The conclusions of these studies have typically been based on analyses that focus on mean performance or that used multiple regression methods that depended on supporting the null hypothesis (Desmurget et al., 1996) . In addition, the number of DOFs available to participants has often been limited. For example, analyzed only five of the seven possible joint angles of the arm, excluding the contribution of scapular motion. Moreover, no data on joint variability were presented in their report. In contrast, the current study measured and analyzed the motion of all seven joint angles of the arm as well as three clavicular/scapular motions. In contrast to those other results, participants in the current study exhibited significantly higher joint variability that was consistent with the use of multiple joint combinations to achieve an identical final hand position and hand-target orientation than joint variability leading to variability of those performance variables. This was the case despite our control of the initial hand position and hand-object orientation as well as the final target location and orientation.
Certainly, participants limit, more or less, the range of all possible joint combinations that are actually used to accomplish such a task. Some limitation results, of course, from joint excursion limits (Kamper & Zev Rymer, 1999) . Individuals have been shown to typically use a particular sharing pattern among the motor elements for a given task (Li, Latash, & Zatsiorsky, 1998) . For kinematic tasks, this may result in part from subjects avoiding otherwise possible combinations of joints (in terms of accomplishing the goal) for reasons of comfort. Nonetheless, those limits are relative, the sharing pattern representing only the average performance. The results of the current study are consistent with those of many previous studies of upper extremity tasks, showing that the use of motor abundance is a common feature of their control (Scholz et al., 2000; Tseng & Scholz, 2005a , 2005b Tseng et al., 2006; Tseng et al., 2002) . The present results extend those findings by providing support for the hypothesis that an important advantage of motor abundance is the ability to resolve multiple task constraints simultaneously without significant interference.
Why are certain patterns of covariation among elemental variables preferred when performing tasks involving abundant motor systems? Earlier studies emphasized a drop in variability of potentially important performance variables that can be achieved by such covaried adjustments of elemental variables (Latash, Scholz, & Schöner, 2002; Scholz & Schöner, 1999) . However, several recent studies have shown that indices of performance variability for abundant systems do not always differ substantially from such indices of nonabundant systems in comparable tasks. In particular, accurate, rapid force production tasks were performed with comparable indices of accuracy during one-finger (nonabundant) and multifinger (abundant) tasks (Gorniak, Duarte, & Latash, 2008; Shapkova, Shapkova, Goodman, Zatsiorsky, & Latash, 2008 ; but see Latash et al., 2001 for conflicting evidence). These findings, as well as the findings of the current study, have suggested that the main purpose of covariation at the level of elemental variables may not be to reduce variability per se but to allow the system to stabilize several important performance variables simultaneously without sacrificing accuracy of performance of any of them. In other words, such multielement synergies allow us to open the door by pressing on the handle with the elbow while carrying a cup of hot coffee in the hand.
